Rotational effects in the dissociative adsorption of H 2 on the Pt͑211͒ stepped surface have been studied using classical trajectory calculations on a six-dimensional, density-functional theory potential-energy surface. Reaction of rotating molecules via an indirect trapping mechanism exhibits an unexpected nonmonotonic dependence on the initial rotational quantum number J. Indirect reaction is first quenched with increasing J but is enhanced again for high J initial states. The quenching is attributed to rotational-to-translational energy transfer, which facilitates escape from the chemisorption wells responsible for molecular trapping. For high J, rotational and translational motions decouple, and the energy transfer is no longer possible, which leads again to trapping. Degeneracy-resolved calculations show that for high initial J, molecules rotating in a "cartwheel" fashion ͑m J =0͒ are more likely to become trapped and react indirectly than "helicoptering" molecules ͑m J = J͒. Experimental confirmation of this finding would lend strong support to the existence of the chemisorption wells that trap molecules prior to reaction.
I. INTRODUCTION
Rough surfaces-which may include steps, kinks, defects, and/or facet edges-usually exhibit a strong enhancement of reactivity when compared to similar low-index single-crystal surfaces. [1] [2] [3] [4] [5] Despite a general acceptance that the rough features play a crucial role, the exact nature of the enhancement is not well understood. [6] [7] [8] Recent experimental studies for hydrogen reacting on the Pt͑533͒ surface have been enlightening as regards the mechanisms occurring in the dissociation of molecules on stepped surfaces. 9, 10 The sticking probability was found to exhibit a nonmonotonic dependence on the collision energy of the impinging molecules, decreasing with increasing energy at low energies, and rising again at high energies. The authors were able to identify various direct and indirect reaction mechanisms by making some assumptions and fitting the data accordingly. Partly motivated by these results, we recently presented the first theoretical studies on the dissociation of the H 2 molecule on Pt͑211͒, which is a close relative of Pt͑533͒. Our calculations utilized a six-dimensional ͑6D͒ densityfunctional theory ͑DFT͒ potential-energy surface ͑PES͒, the first full potential constructed for a diatomic molecule interacting with a stepped surface. 11 Using classical trajectories calculations, we reproduced the nonmonotonic dependence of the reaction on collision energy found in the experiments on Pt͑533͒. Our calculations showed that nonactivated sites atop the step atoms dominate the reaction. Direct reaction is found to occur at these sites at all energies. The amplification of reaction at low collision energies was also attributed to reaction atop the step atoms but not to any direct mechanism. Instead, molecules become trapped in shallow chemisorption wells at unreactive sites between the step and terrace. The time spent by these molecules near the surface increases the likelihood that they will migrate to the reactive upper edge of the step and dissociate.
In a second study we extended this work to include a more detailed analysis of high-energy reaction on the terrace and reaction at off-normal incidence. 12 This study showed that the trapping wells also play an important role in direct reaction when approaching at an angle to the surface normal, leading to a strong asymmetric dependence on incidence angle. Good quantitative agreement with the experiments on Pt͑533͒ was found, and the experimental data reinterpreted in light of the calculations. In particular, we suggested that reaction atop the step was more important than originally thought, with the activated terrace sites playing a more minor role and only at high collision energies. Though few studies have considered the effects of rotation on dissociation at stepped surfaces, many studies have dealt with flat surfaces. The Pd͑111͒ surface, in particular, which also exhibits a nonmonotonic dependence of reaction on collision energy, has been thoroughly investigated both theoretically and experimentally. [13] [14] [15] [16] [17] Experiments have demonstrated a large reduction in the sticking coefficient for rotationally hot molecules. 13 It was suggested that this supported the existence of dynamical steering effects, because rotating molecules are less easily oriented by steering forces toward a geometry favorable for reaction. 13 The dependence of the sticking coefficient on the rotational state was advanced as a probe for distinguishing between precursor-mediated reaction and dynamical steering, in systems exhibiting an inverse dependence of sticking on beam energy.
However, more recent theoretical work of Busnengo et al. has shown that a precursor mechanism can also lead to a rotational suppression of reaction. 16 They found that dynamical trapping plays an important role in the dissociation of H 2 on Pd͑111͒, promoting reaction at low collision energies. Using quantum and classical dynamics calculations, Busnengo has also found that for low rotational states, trapping is mainly due to translational ͑T͒-to-rotational ͑R͒ energy transfer. High rotational states exhibit less trapping, but it does persist to some extent. For these states, trapping comes about as the result of energy transfer to parallel translational motion rather than rotation.
In this paper we present the results of calculations aimed at establishing the role of rotation in the dissociative adsorption of H 2 on Pt͑211͒. This is the first study to make use of a 6D DFT PES in treating the effects of rotation on reaction for a stepped surface. Studying rotational effects can help us to identify new reaction mechanisms and suggest ways in which experiments could probe features of the PES.
Using classical trajectory calculations we have analyzed excited rotational initial states of hydrogen molecules up to J = 12, including both degeneracy-averaged and degeneracyresolved states. A detailed analysis of the 6D PES features and a new method for visualization of classical dynamics 12 have been used to identify reaction mechanisms.
In Sec. II we briefly detail the methods used to construct the PES, to perform classical dynamics calculations, and to analyze data. Section III presents results and discussion for rotationally excited hydrogen reacting on Pt͑211͒, and Sec. IV concludes.
II. METHOD

A. H 2 /Pt"211… 6D-PES construction
The electronic energy data points for the PES construction were obtained using the DFT program ADF-BAND. 18, 19 The Kohn-Sham equations were solved self-consistently within a linear combination of atomic-orbital approach, modeling the surface by a slab with translational symmetry in two directions. A Becke-Perdew generalized gradient approximation ͑GGA͒ exchange-correlation functional was employed. 20, 21 All aspects of these periodic DFT/GGA calculations are discussed in detail in Refs. 22-24. To interpolate the DFT/GGA data, the corrugationreducing procedure was employed. 25, 26 This method has proven to provide very accurate interpolation results for H 2 molecules interacting with several metal surfaces. [25] [26] [27] [28] [29] [30] The essence of the method is that the interpolation is not carried out on the highly corrugated DFT/GGA data itself but on the much smoother interpolation function obtained by first subtracting the separate atomic interactions with the surface. Details of the approach, and the interpolation techniques employed, can be found in Refs. 25 and 26. More than 10 000 DFT/GGA data points were used in the PES construction. The resulting root-mean-square ͑maxi-mal͒ error is around 20 ͑50͒ meV when tested against data points not included in building the PES.
B. Classical trajectory calculations
The dynamics have been studied by means of classical trajectory calculations. Although a rigorous treatment of rotational effects would require quantum mechanics, classical trajectories have been shown to adequately reproduce reaction dynamics of rotationally hot molecules in many systems, both activated [31] [32] [33] [34] and nonactivated. 16, 17, 35 The classical approach has the advantage of being less computationally demanding and allows for easier physical interpretation of results; however, there are some drawbacks that must be considered.
One deficiency relates to the J = 1 initial rotational state. Classically, the molecules in this state can rotationally deexcite, but quantally they may not scatter back with less rotational energy than the initial state, because for a homonuclear molecule such as H 2 , odd transitions in J are forbidden. Although forbidden transitions can also impact the accuracy of classical results for higher rotational states, the error introduced tends to diminish with J as more rotationally deexcited channels open. Because of this issue, we focus little attention on results for J = 1 throughout this paper.
Classical dynamics calculations were performed with 10 000 trajectories propagated for each initial state ͑unless stated otherwise͒. Microcanonical sampling was used, with each trajectory imparted a velocity toward the surface along the normal direction. Trajectories were initiated with no vibrational energy; such trajectories are usually called "classical trajectories," as opposed to "quasiclassical trajectories," which include quantum zero-point energy. Classical trajectories are known to behave better than quasiclassical trajectories for nonactivated systems. 16, 36 The initial rotational state of the molecules was set in one of the two ways. For degeneracy-averaged calculations, the angular momentum ͑L͒ of each molecule was chosen to give a rotational energy equal to that of the corresponding quantum state:
͑1͒
where I is the moment of inertia of the molecule for the chosen geometry, and I eq is the moment of inertia at the equilibrium geometry. After the atom velocities were adjusted, a random rigid rotation of the coordinates and velocities of the molecule was performed.
For degeneracy-resolved calculations, a vector model was utilized. The angular momentum was again set according to Eq. ͑1͒, but the molecular orientation was not chosen randomly. Instead, beginning with the molecule parallel to the surface, three rotations were effected: First, a random rotation was performed about the surface normal; second, the system was rotated about an axis parallel to the surface and perpendicular to the molecular bond so that the angular momentum vector made an angle of arccos͑m J / ͱ J͑J +1͒͒ with the surface normal; and, last, another random rotation about the surface normal was performed. This sequence of rotations gives a molecular state consistent with the quantum angular momentum vector but otherwise random.
The fourth-order Runge-Kutta propagator was used to propagate the classical trajectories, with a time step of 5 a.u. Molecules were initiated with the bond center at a distance of 6.5a 0 from the top of the step, as measured along the surface normal, and were evenly distributed in the surface plane. Trajectories were deemed to have reacted when their bond length exceeded 4.5a 0 and were considered to have backscattered when the distance between bond center and step atoms exceeded 6.6a 0 , again measured along the surface normal.
C. Data analysis and visualization
In order to study the molecular trapping mechanisms the total reaction ͑or scattering͒ probability can be decomposed into its direct and indirect components. The measure of how directly each trajectory reacts ͑or scatters back͒ is based on the number of turning points a molecule undergoes perpendicular to the surface, i.e., in the Z coordinate, before it reacts ͑or scatters back͒. Direct reaction ͑or scattering͒ is considered to have occurred if the number of turns made is less than a given threshold, with all other trajectories being categorized as indirect. The choice of threshold is somewhat subjective. In Refs. 11 and 12 we have shown that a threshold of 6 represents a reasonable compromise because it gives a monotonically increasing component of direct reaction with collision energy, and a monotonically decreasing component of indirect reaction, dropping practically to zero at high energies. In this study, we adopt the same threshold. Although small quantitative changes could be expected to result from a different definition of trajectory directness, qualitative conclusions should not be affected.
Visualization is commonly used with classical dynamics to follow the evolution of individual trajectories in time. In this study, we make use of visualization techniques for whole ensembles of trajectories, which were developed in Refs. 11 and 12. In short, the discrete classical states at a given time are converted into a continuous spatial density by a fitting procedure, and a two-dimensional ͑2D͒ contour of the density is visualized as a function of time. The isosurfaces representing the density contour are in reality infinite in extent but in practice can be projected onto a single unit cell of the surface. With all trajectories initiated at the same distance from the surface, and evenly distributed in the surface plane, the isosurfaces are initially flat, with a finite separation arising from the fitting scheme. The regions of highest density are "sandwiched" between them.
III. RESULTS AND DISCUSSION
A. Degeneracy-averaged results
Reaction probability versus collision energy: Low J
In Fig. 1͑a͒ we compare the total reaction probability ͑RP͒ of normally incident molecules in the initial rotational states J = 0,1,2. The curves are for degeneracy-averaged states and do not depend on the quantum number m J . For the sake of the discussion we will divide the collision energy into two different ranges: low energy ͑LE͒ from 1 to 50 meV, and high energy ͑HE͒ from 50 to 250 meV.
The RP curve of the rotational ground state ͑J =0͒ displays a nonmonotonic dependence on collision energy, as shown by earlier studies. 11, 12 The reaction decreases between 1 and 50 meV, almost halving in magnitude, and then begins to rise again. Following the dynamics in time ͓Figs. 2͑a͒-2͑c͔͒, it becomes clear that the RP is made up of two components: a faster, direct ͑DIR͒ component, and a slower, indirect ͑IND͒ component ͓see Fig. 1͑b͔͒ . The DIR component has been shown to derive from two sources: nonactivated reaction at the top edge of the step, which is present over the entire range of energies, and activated reaction on the terrace, which only contributes significantly in the HE range. 12 The IND component is responsible for the inverse relationship FIG. 1. Calculated reaction probabilities for low initial values of the rotational quantum number J and normal incidence. ͑a͒ Total reaction probability as a function of collision energy for J =0 ͑black͒, J =1 ͑red͒, and J =2 ͑blue͒. ͑b͒ Direct and indirect components of the total reaction probability as defined in Sec. II C for J =0, 1, 2 ͓the color scheme is the same as in ͑a͔͒.
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between reaction and collision energy in the LE range and has been attributed to dynamical trapping in a weak chemisorption well. 11, 12 In contrast to J = 0, the RP of the J = 1 and 2 initial rotational states simply increases monotonically with collision energy ͓Fig. 1͑a͔͒. The enhancement of reaction seen for the rotational ground state at low energies vanishes when rotational motion is introduced. The natural conclusion of this would be that the trapping mechanism is quenched by rotation, and this is borne out in Fig. 1͑b͒ , which shows the IND component drops considerably in going from J =0 to J =2.
There are three different ways in which reaction via the trapping mechanism could be quenched:
• Molecules are scattered back directly while still far from the surface.
• Molecules reach the region responsible for trapping, but do not become trapped, and scatter back to the gas phase.
• Molecules do get trapped but scatter back rather than reacting.
In order to establish which mechanism is responsible for the quenching of reaction via trapping, we will now turn our focus to only those trajectories that begin above the trapping region and eventually scatter back to the gas phase. Reacting FIG. 2. ͑a͒-͑i͒ Visualization of the collective dynamics at 1 meV for three different initial rotational states: J = 0, 2, 8. The green isosurfaces in each time frame represent the total density of molecules projected onto a single unit cell. ͑Ref. 12͒ The different frames for each J value correspond to different times, with time increasing down the page ͓e.g. from ͑a͒ to ͑c͔͒. The frames are not equally spaced in time. The white arrows indicate the motion of the total density isosurface, and the yellow arrows represent the motion of reacting trajectories. ͑l͒ Top view of the density of molecules for J = 0 and J = 8 after direct reaction is complete. The shape and location of the isosurfaces highlight the differences in the trapping region for the two initial rotational states. ͑m͒ Probability distribution of the lifetimes of reacting molecules for J =0 ͑black͒ and J =8 ͑red͒.
trajectories, and trajectories beginning at other sites, are removed from the ensemble. The trapping region is defined for this purpose as in Refs. 11 and 12, namely, the region of the unit cell in the range of 5.0-10.5a 0 of the Y coordinate. Figure 3͑a͒ shows the probability distribution of these trajectories as a function of the shortest distance of approach to the surface for the J = 0 and 2 initial states at the lowest collision energy sampled ͑1 meV͒.
In the J = 0 case the distribution shows a strong peak at around 5-5.5a 0 and almost no contribution at smaller distances. This means that nearly all scattering molecules scatter while still far from the surface. In the case of J = 2, the number of scattered trajectories is larger than for J =0, as witnessed by the greater area beneath the J = 2 curve ͑the area under each distribution integrates to the total scattering probability͒. The presence of a sharp peak similar to that for J = 0 shows that there are still many molecules scattering at the beginning of their flight. The peak is somewhat larger than for J = 0, but the increase is not dramatic enough to suggest that direct scattering far from the surface is responsible for the quenching of reaction seen at low collision energies.
The presence of a broadened peak in the distribution between z min =3a 0 and 4.5a 0 shows that a large number of molecules scatter after having reached the trapping region of the PES. By separating the DIR and IND components ͓Fig. 3͑b͔͒, we have also established that the majority of the trajectories that visit the trapping region never become trapped but are scattered directly. The reduced reactivity of the J =2 initial state at low collision energies thus comes about because molecules entering the potential wells are not trapped as they are for J = 0 and thus cannot react via the precursor mechanism. This picture is well supported by the time evolution of the density of molecules for J = 2 plotted in Fig.  2͑d͒ -2͑f͒ compared to the J = 0 case ͓Figs. 2͑a͒-2͑c͔͒.
The question then arises of why the J = 2 molecules do not become trapped. We attribute this to coupling between the translational and rotational degrees of freedom in the trapping region. At the low energies for which trapping occurs ͑Ͻ50 meV͒, a J = 1 or 2 molecule has a rotational energy ͑E rot ͒ comparable to its initial translational ͑collision͒ energy: for J =1 E rot is 15 meV, and for J = 2 it is 45 meV. The time scales of the rotational and translational motions are thus comparable, and a rotational-to-translational ͑R → T͒ transfer of energy likely, due to the anisotropy of the PES in the trapping wells. Rotational energy can find its way into the translational motion away from the surface and allow the molecules to escape.
Evidence for this mechanism can be found in the influence that changing the initial rotation and translation has on the RP. The total energy of an incident molecule can be changed by fixing its rotational energy, and varying its translational energy; or by keeping the translational energy fixed, and varying the initial rotational state. By plotting the reaction probability obtained in each case versus the total energy, we can compare the influence of each motion on dissociation. Figure 4 shows these results for the IND component of the RP. By comparing the curves in Fig. 4 at different total energies, it is evident that the two motions are almost equally effective at quenching reaction. It does not matter which channel energy is initially added to, the impact on IND re- FIG. 3 . ͑a͒ Probability distribution of scattered trajectories that begin above the trapping region. The behavior as a function of the shortest distance of approach to the surface is reported for J =0 ͑black dots͒ and J =2 ͑red squares͒ at the lowest collision energy sampled, 1 meV. The distributions are normalized to the total number of molecules. ͑b͒ Decomposition of the scattering probability plotted in ͑a͒ for J = 2 into indirect ͑solid line͒ and direct ͑dashed line͒ components.
FIG. 4. Probability of reaction via
action is similar. This suggests that energy can be efficiently transferred from rotation to translation in the trapping wells.
To this point we have focused on the LE range. At high collision energies, the RP shows very little dependence on J for J = 0, 1, 2. The three curves in Fig. 1͑a͒ are virtually identical between 75 and 250 meV. This can be explained using another time scale argument. At these collision energies, the time scale of translational motion is shorter than that of rotation for slow-rotating molecules. Molecules incident with J = 1 or 2 can thus be considered nonrotating from the perspective of dissociation.
2. Reaction probability versus collision energy: High J Figure 5 shows the RP of faster-rotating molecules ͑6 ഛ J ഛ 12͒. The enhancement of reaction in the LE range, which characterizes J = 0 trajectories, but is absent for the J = 1 and 2 states, reappears for the high-lying initial rotational states. The curves exhibit an inverse dependence of reaction on collision energy in the LE range. They also shift upwards with increasing J.
Following the dynamics in time ͓Figs. 2͑g͒-2͑i͔͒, we again identify a direct component of reaction on the atop site of the step ͓Fig. 2͑g͔͒ and an indirect component reacting via the trapping region at the lower edge of the step ͓Fig. 2͑i͔͒. The enhancement of reaction in the LE range is due to the indirect trapping mechanism, as demonstrated by the IND-RP plots in Fig. 5͑b͒ .
The nature of trapping for high-J initial states differs somewhat from that for J = 0. This is clearly evident in Fig.  2͑l͒ , which shows that the region occupied by trapped molecules is different for J = 0 and J = 8. The trapping lifetime is similar though, as seen in Fig. 2͑m͒ . While direct reaction proceeds faster for J = 8 than J = 0, as evidenced by the position of the first peak in each distribution, the tail of the distribution, which corresponds to indirect reaction, is similar for the two initial rotational states.
For low collision energies, the time scale of rotation is much shorter than that of translation. The two motions are effectively decoupled, with little energy transfer between them. This is demonstrated in Fig. 6 . Panel ͑a͒ shows the probability distribution of the scattered trajectories as a function of the value of J͑J +1͒ upon scattering ͓the value of J͑J +1͒ is proportional to the rotational energy͔. The absence of any significant broadening in the distribution indicates that the molecules scatter elastically with respect to the J quantum number, with very little transfer to other motions such as translation. Panel ͑b͒ reports the averaged rotational energy ͑green dots͒ of trapped molecules as a function of time. The absence of significant fluctuations in the rotational energy demonstrates that rotational motion is largely decoupled from other degrees of freedom.
Given the differences in time scale, it is not unreason-
Calculated reaction probabilities for high initial values of the quantum number J and normal incidence. ͑a͒ Total reaction probability as a function of the initial collision energy for J =6 ͑green͒, J =8 ͑orange͒, J =10 ͑violet͒, and J =12 ͑brown͒. ͑b͒ Direct and indirect components of the reaction probability as defined in Refs. 11 and 12 for J = 6, 8, 10, 12 ͓the color scheme is the same used in ͑a͔͒.
FIG. 6.
Behavior of trajectories initiated in the J = 8 state ͑high J͒ with collision energy of 1 meV ͑ensemble of 100 000 trajectories͒. ͑a͒ Probability distribution of scattered trajectories as a function of the final J͑J +1͒ value. ͑b͒ Time evolution of translational and rotational energies of trapped molecules. Two energy scales have been used, one for translation ͑left end, meV͒ and one for rotation ͑right end, eV͒. The averaged total translational energy ͑E T ͒ is represented by black dots, the parallel ͑E Txy ͒ and perpendicular ͑E Tz ͒ components by red and blue dots, respectively, and the averaged rotational energy ͑E rot ͒ by green dots.
able to consider the rotational motion as evolving adiabatically, with the translational motion determined by an orientationally averaged potential. For example, the translational motion of a molecule approaching the surface with its angular momentum vector normal to the surface ͑so-called "helicoptering" motion͒ is governed approximately by an effective potential generated by averaging the 6D PES over the angle , the azimuthal angle that defines the orientation of the molecular axis in the ͑211͒ surface plane.
In Fig. 7 we present several contour plots of orientationally averaged PESs. The plots show that the averaged PESs exhibit shallow wells where trapping can occur for certain angular momenta. But given that T → R energy transfer is virtually forbidden, how does this trapping come about? The fast-rotating molecules can still transfer energy from translation perpendicular to the surface, to motion parallel to the surface, and become trapped in the process. This is clearly shown in Fig. 6͑b͒ . The averaged total kinetic energy ͑E T ͒, for molecules in the J = 8 state and with an initial collision energy of 1 meV, is plotted as a function of time together with the components in the surface plane ͑E Txy ͒ and along the normal to the surface ͑E Tz ͒. The growth of E Txy , which is initially zero, indicates that for molecules entering the potential wells, around two-thirds of the available kinetic energy ends up in translational motion parallel to the surface. This energy must be reconcentrated into the perpendicular translational mode if escape back to the gas phase is to take place. Molecules thus become trapped due to a transfer of energy into the parallel translations.
Reaction in the LE range is enhanced by increasing J from 6 to 10. This is partially attributable to an increase in the indirect component with increasing J ͓Fig. 5͑b͔͒. There are two ways that this increase could come about:
• Increasing J produces an increase of the probability of trapping, leading to greater reaction as a result.
• The conditional probability of a trapped molecule reacting increases with J, i.e., once trapped, a molecule is more likely to react. The probability of trapping for different initial rotational states is shown in Fig. 8͑a͒ . The higher the initial value of J, the more likely the molecules are to become trapped. This may be because the translational and rotational motions become more decoupled as J is increased, and R → T energy transfer becomes less likely, which further decreases the likelihood that rotational energy can be used to escape the trapping wells.
The conditional probabilities of a molecule reacting after it has become trapped are given in Fig. 8͑b͒ . Results are for collision energies of 1, 5, and 10 meV and are shown as a function of initial J. After an initial drop at low J, the conditional probability rises with increasing J, indicating that faster-rotating molecules have a greater chance of reacting once they have become trapped. So the increase in indirect reaction with initial rotational state ͑J͒ is a result of both an increase of the probability of becoming trapped and an increase in the probability of a molecule reacting once trapped.
The growth of the conditional probability with J could also come about in a couple of different ways: FIG. 7 . Effective potential-energy surfaces for fast-rotating molecules. Contour plots for various two-dimensional ͑2D͒ cuts are reported. The Pt atoms of the unit cell are represented by the gray spheres, and are shown from above in ͑b͒ and ͑d͒, and from the side in ͑a͒ and ͑c͒. The green line in ͑a͒ and ͑c͒ shows the position of the XY cut plotted in ͑b͒ and ͑d͒, while the green line in ͑b͒ and ͑d͒ indicates the location of the YZ cut used in ͑a͒ and ͑c͒. ͑a͒ and ͑b͒ are for an effective PES in which the molecular axis is kept in the YZ plane, and an average is taken over the polar angle . ͑c͒ and ͑d͒ are for an effective PES averaged over the azimuthal angle , with the molecule parallel to the ͑211͒ surface. In both cases, the H 2 bond length is constrained to the gas-phase equilibrium value. Contours between 5 and 30 meV ͑dashed blue lines͒, relative to the gas-phase minimum, are at intervals of 5 meV; those from 40 to 1.04 eV ͑dotted gray lines͒ are at intervals of 10 meV; those from 0 down to −38 meV ͑solid red lines͒ are at intervals of 2 meV; and those from −40 down to −1.23 eV ͑solid orange lines͒ are at intervals of 10 meV.
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• The trapping of molecules with higher J could be longer in duration, giving more opportunities to react.
• Reaction is enhanced by the rotational energy of higher J states.
In the latter, rotational energy could be transferred to the dissociative mode via a rotationally adiabatic process as the molecular bond extends. Due to the high rotational energy available, only small extensions of the bond are needed to result in considerable energy transfer.
To distinguish between these possibilities, we have considered trajectory lifetimes for different initial J states and find no evidence of longer residence times for high-J molecules. We therefore tentatively ascribe the increase in conditional probability with initial J to rotationally adiabatic energy transfer.
Note that this mechanism does not imply any deexcitation of rotation; the energy of the rotational state decreases adiabatically as the bond extends. A kinetic-energy coupling transfers energy from the rotational degrees of freedom to the dissociative bond-stretching mode. This does not contradict the earlier claim that rotation and translation are largely decoupled in the trapping region for high rotational states, because the coupling in that instance is a potential coupling, which leads to the excitation or deexcitation of the rotational-librational state of the molecule. The kineticenergy coupling that leads to adiabatic energy transfer can aid reaction of trapped molecules, but it cannot help molecules escape the trapping well and return to the gas phase, because that would require the bond length of a scattered molecule to differ from that of an incident molecule.
It is widely accepted that rotationally adiabatic transfer is responsible for the enhancement of direct reaction with J that is generally seen for J greater than approximately 6 and which is also observed in this study ͓Fig. 5͑a͔͒. 16, 32, [37] [38] [39] In the HE range, the dissociation is predominantly direct in nature, while in the LE range the direct and indirect components both contribute ͓Fig. 5͑b͔͒. The adiabatic enhancement affects the direct components on both the step and terrace sites, as well as enhancing the indirect component, as shown above.
A measure of the rotationally adiabatic enhancement is given by the relative efficacy of rotation with respect to translation, which we have determined is around 15% in this case. The relative ineffectiveness of rotation in enhancing reaction can be attributed to the fact that reaction is nonactivated at the reactive step sites, and that there is an early barrier at the most reactive site on the terrace. For nonactivated sites rotation plays a minor role in reaction, and an early barrier means there is little bond extension of incident molecules, and thus less energy transfer from rotation to the dissociative mode. Figure 9 presents the RP as a function of initial J for various collision energies. In the HE range ͑i.e., 150 and 250 meV͒, where the DIR component dominates, the RP first decreases with J, reaches a minimum at around J = 5 or 6, and then rises again. This behavior has been observed for many activated and nonactivated dissociation reactions on flat metal surfaces. 16, 17, 37, 38, [40] [41] [42] [43] The phenomenon was explained first by Darling and Holloway. 37 The initial drop can be ascribed to rotational shadowing ͑hindering͒. In a direct reaction, a rotating molecule is more likely to be in an unfavorable geometry for reaction at some point in its approach to the surface and is thus more likely to be scattered. For higher rotational states, the rotationally adiabatic exchange of energy discussed earlier begins to dominate, and reaction begins to increase with J.
Reaction probability versus J
The IND component experiences a sudden drop of RP between J = 0 and J =1 ͓Fig. 9͑c͔͒; this is due to the R → T energy transfer discussed earlier, which quenches trapping. For faster-rotating molecules, the potential coupling between rotation and translation becomes small, and trapping resumes. This leads to the increase of the IND-RP curves at higher-J values. Figure 10 compares the reaction probabilities of molecules initiated in the so-called helicopter ͑m J = J͒ and cart- FIG. 8 . ͑a͒ Trapping probability as a function of the collision energy for different initial J values: J =0 ͑brown-dashed͒, J =2 ͑black͒, J =4 ͑red͒, J =6 ͑blue͒, J =8 ͑green͒, and J =12 ͑orange͒. ͑b͒ Conditional reaction probability of trapped molecules ͑i.e., probability of reacting once trapped͒ as a function of the rotational quantum number J for three different collision energies: 1 meV ͑black͒, 5 meV ͑red͒, and 10 meV ͑blue͒.
B. Degeneracy-resolved results
Dependence of reaction on rotational orientation
wheel ͑m J =0͒ states. In the helicopter state ͑a͒, where molecules rotate almost parallel to the ͑211͒ surface plane, the RP grows with J at all collision energies. This is consistent with an enhancement of reaction due to rotationally adiabatic energy transfer to the dissociative mode.
Reaction curves for the cartwheeling molecules first decrease with J͑J ഛ 6͒ and then begin to rise again. This is due to the rotational hindering described above. Rotational hindering arises when a molecule encounters a strong anisotropy in the PES as it rotates, and cartwheeling molecules do tend to sample a wide range of potentials. The helicoptering states do not exhibit rotational hindering, because the PES is much more isotropic for rotation parallel to the surface.
The enhancement of reaction at low collision energies going from J =8 to J = 12 is greater for cartwheel states than helicopter states ͓Figs. 10͑a͒ and 10͑b͔͒. This can be attributed to the cartwheel state reacting more via the indirect mechanism than the helicopter state. Figure 10͑c͒ shows the probability of molecules becoming trapped for various m J states with J = 8; the cartwheel state ͑m J =0͒ has the greatest chance of trapping, and the helicopter ͑m J = J͒ the least. Not only is the probability of trapping greater for the cartwheel but the probability of reacting once trapped is also greater, as shown in Fig. 10͑d͒ .
This behavior can be understood by considering the orientationally averaged contour plots in Fig. 7 . The trapping wells for a cartwheeling molecule are similar in shape to those in the full 6D PES, 11, 12 with two lobes extending from the bottom edge of the step to the reactive top of the step. The trapping region for a molecule rotating parallel to the surface is shifted more towards the terrace and does not extend to the reactive top sites. The depth of the well in the helicopter-averaged PES is also less than for cartwheeling molecules. These aspects of the rotationally average PESs help us to interpret the findings above. Cartwheel molecules are more likely to become trapped, because the wells for these molecules are deeper. Once trapped, they are also more likely to react, because they are free to move into the vicinity of the reactive step sites. Helicopter molecules are not only less likely to become trapped but are also less likely to react once trapped, because they cannot approach the step. In order to react, a trapped helicoptering molecule would need to begin rotating in a more cartwheel fashion.
These results show that for fast-rotating molecules the enhancement of reactivity at low collision energies is largely due to molecules that rotate out of the plane of the surface. This is one example of the profound influence that surface steps can have on reaction dynamics.
Svensson et al. have reported the existence of a rotationally constrained molecular chemisorption state on a stepped copper surface. 44 Taken together with our findings, these results suggest that molecular chemisorption states with a strong rotational bias may be a common feature of molecular interactions at surface steps, which is of relevance to the construction of molecular-scale machines and devices.
45-50
Alignment
The quadrupole alignment is a measure of the preferred rotational orientation of reacting molecules. It is an important quantity because it can be measured in associative desorption experiments, 51 allowing for direct comparison with the results of calculations. The quadrupole alignment parameter is defined as A J ͑2͒ ͑E͒ = ͗3 cos 2 ⌰ −1͘, where ⌰ is the angle between the angular momentum vector and the surface normal.
It can be shown that the alignment is equal to
where P͑E ; J , m J ͒ is the reaction probability at collision energy E. The lower limit on the alignment is always −1, which corresponds to the case where only the cartwheel state ͑m J =0͒ reacts. The upper limit increases with J, asymptotically going to 2. The upper limit is attained if the only reacting molecules are in the helicopter state ͑m J = J͒. An alignment of zero results if reaction is equally likely for all m J states.
In Fig. 11͑a͒ we compare the collision energy dependence of A J ͑2͒ for various initial rotational states. A nonmonotonic dependence is observed for all the states: First the alignment increases and then gradually declines. The alignment tends to increase going from J =2 to J = 8 and decrease between J = 8 and J = 12. The J dependence can be explained by the results presented earlier. The increase in alignment with J arises because helicoptering molecules become more reactive due to rotationally adiabatic energy transfer, while the cartwheeling molecules actually become less reactive due to rotational hindering. For higher-J states, adiabatic enhancement also begins to dominate for the cartwheel state, and the alignment decreases accordingly. Similar findings have recently been reported by Busnengo et al. 16 The alignment of the high-J states becomes zero and even negative at very low collision energies, indicating that out-of-plane rotation is actually preferred for reaction over FIG. 11 . ͑a͒ Calculated quadrupole alignment ͓see Eq. ͑2͔͒ as a function of the initial collision energy for different rotational states: J =2 ͑black͒, J =4 ͑red͒, J =6 ͑blue͒, J =8 ͑green͒, and J =12 ͑orange͒. ͑b͒ Separate alignments of directly ͑dashed lines͒ and indirectly ͑solid lines͒ reacting molecules for J =6 ͑blue͒, J =8 ͑green͒, and J =12 ͑orange͒.
in-plane rotation. This is due for the most part to the indirect trapping mechanism ͓Fig. 11͑b͔͒, which favors reaction of cartwheel states. This unusual preference for out-of-plane rotation is a direct consequence of the steps in the surface, and experimental measurements of negative quadrupole alignments at low collision energies for high-J states could be used to affirm the picture of reaction dynamics presented here.
Note that the J = 2 initial state also exhibits negative alignments for low collision energies. The J = 2 state gives rise to little trapping, so these alignments point to a preference for reaction of the cartwheel state in direct reaction. Such a preference is often seen in activated reactions at low collision energies and arises because the anisotropy of the PES is generally large in the polar angle, leading to enhanced reaction due to rotational deexcitation of rotational states with low ͉m J ͉. 39, 52 This is also the likely cause in this case: the ͑J =2, m J =0͒ state can deexcite, freeing some energy to overcome any low barriers encountered. In addition, the ͑J =2, m J =2͒ state is more tilted with respect to the surface plane than helicopter states for higher J. Helicoptering molecules for J = 2 are thus less favorably aligned to react than they are for higher initial rotational states.
m J evolution
We have already shown that the angular momentum quantum number J is largely conserved for rotationally hot molecules, at least up until the point of dissociation. The torques exerted by the interaction with the surface are not sufficient to slow the rotation but may be capable of reorienting it. By monitoring the time evolution of the m J state, we can establish if the potential can effect changes in the rotational orientation of molecules.
In Fig. 12 we give the probability distribution of m J at five different times for indirectly reacting molecules initiated in the ͑J =8, m J =0͒ state. The distributions are normalized to the total number of the indirect reacting molecules, so the integral of the area under the distribution tends to decrease in time as molecules react. The figure clearly shows that the trapped molecules are capable of populating m J states other than the initial m J . As time progresses, the distribution spreads while retaining its peak at m J = 0. At 30 000 and 40 000 a.u. the distribution has become very broad, though in-plane rotation is still unfavorable, as witnessed by the low probabilities seen for ͉m J ͉ Ͼ 6. The directional forces inside the trapping region are obviously sufficient to influence the m J state, though they cannot significantly impact the J quantum number.
C. Comparison with experiments
In a previous publication we directly compared our results for J = 0 with the sticking probabilities measured by Hayden and co-workers for H 2 dissociating on Pt͑533͒, finding good agreement. 12 However, the beam used in experiments typically includes a mixture of rotational states, andfor normal hydrogen-75% of molecules occupy odd-J states and only 25% even-J states.
To make our results more suitable for comparison with experiment, we have produced orientationally averaged sticking probabilities designed to simulate a molecular beam at various temperatures. Unfortunately, including both evenand odd-J states the results do not exhibit the inverse dependence of reaction on collision energy so characteristic of the experimental data and the calculated results for J = 0. The problem has been traced to the reaction probabilities calculated for the J = 1 state. The unphysical deexcitation permitted in the classical system ͑see the discussion in Sec. II B͒ produces a quenching of trapping for the J = 1 molecules and a dropping of the reaction probability at low energies. If quantum dynamics calculations were performed we would expect the J = 1 molecules to become trapped in the same way as J = 0 molecules, and the J = 1 reaction probability curve to look much more like that of J = 0 than it does in Fig.  1͑a͒ .
Given the problems associated with the J = 1 state it seems reasonable to only include even-J states in the beam simulation. We have performed these calculations for a variety of different beam temperatures. In all reasonable cases, the reaction probability curve is virtually unchanged from that for J = 0 and therefore qualitatively agrees with experiment. The beam-simulation results are thus not presented here, and the reader is instead referred to the results for the J = 0 state.
12
IV. CONCLUSIONS
We have presented the first study of rotational effects in the reaction dynamics of the dissociation of H 2 molecules on a stepped metallic surface, Pt͑211͒, utilizing an accurate 6D DFT PES. Classical trajectory calculations showed that the dissociation probability depends strongly on the initial rotational state. Slowly rotating molecules ͑J =1, 2͒ do not exhibit the enhancement of reaction at low collision energies that characterizes the rotational ground state. The rotational energy quenches the trapping responsible for the indirect reaction mechanism that gives rise to the enhancement.
For fast-rotating molecules ͑J = 6-12͒, the indirect mechanism becomes active again, enhancing reactivity at 
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Dissociative adsorption of H 2 on the Pt͑211͒ J. Chem. Phys. 123, 164702 ͑2005͒ low collision energies. However, this does not involve any energy transfer to rotation, as it is does for J = 0; energy is only transferred to the translational degrees of freedom parallel to the surface. The difference between the time scales of rotation and translation for such rotational states is such that potential coupling is negligible, and trapped molecules do not change rotational J state. Degeneracy-resolved calculations showed that trapping is more likely to occur for molecules rotating out of the surface plane than those rotating in plane. Cartwheeling molecules, in particular, have a higher probability of becoming trapped and are more likely to react once trapped. These findings were related to aspects of the PES and interpreted using orientationally averaged potentials. The preference for indirect reaction of molecules rotating out of the surface plane leads to a negative quadrupole alignment at low collision energies. Experimental confirmation of this finding would add strong support to the picture of reaction built up here.
Other aspects of reaction can be attributed to welldocumented effects, which are also seen on flat surfaces. For example, adiabatic transfer of energy from rotation to the bond stretch is very effective for high-J initial states, enhancing reactivity at all collision energies. Also, molecules slowly rotating out of the surface plane undergo rotational hindering, causing the reaction probability to drop slightly with J.
